Higher plant function is contingent upon the complex three-dimensional (3D) architecture of plant tissues, yet severe light scattering renders deep, 3D tissue imaging very problematic. Although efforts to 'clear' tissues have been ongoing for over a century, many innovations have been made in recent years. Among them, a protocol called ClearSee efficiently clears tissues and diminishes chlorophyll autofluorescence while maintaining fluorescent proteins -thereby allowing analysis of gene expression and protein localisation in cleared samples. To further increase the usefulness of this protocol, we have developed a ClearSee-based toolbox in which a number of classical histological stains for lignin, suberin and other cell wall components can be used in conjunction with fluorescent reporter lines. We found that a number of classical dyes are highly soluble in ClearSee solution, allowing the old staining protocols to be enormously simplified; these additionally have been unsuitable for co-visualisation with fluorescent markers due to harsh fixation and clearing. Consecutive staining with several dyes allows 3D co-visualisation of distinct cell wall modifications with fluorescent proteins -used as transcriptional reporters or protein localisation tools -deep within tissues. Moreover, the protocol is easily applied on hand sections of different organs. In combination with confocal microscopy, this improves image quality while decreasing the time and cost of embedding/sectioning. It thus provides a low-cost, efficient method for studying thick plant tissues which are usually cumbersome to visualise. Our ClearSee-adapted protocols significantly improve and speed up anatomical and developmental investigations in numerous plant species, and we hope they will contribute to new discoveries in many areas of plant research.
INTRODUCTION
Having developed from a wall-bearing unicellular organism, extant multicellular plants display a stunning complexity in the chemical composition of their cell walls. Accordingly, differences in plant cell wall composition have been used to define many different cell types and tissues within the plant body, and various staining techniques have been developed over the last 150 years to visualise differences between cell wall components at the level of cell type. The thick suberised cell walls of cork oak periderm were at the basis of the recognition of cells by Robert Hooke, and the highly ordered deposition of cell walls within cells and organs has meant that sections of plant material have become favourite objects for introductory microscopy classes. In the last decades it has been discovered that many of the synthetic dyes used for staining plant tissues are highly fluorescent, allowing for the selective staining and confocal imaging of various components of primary and secondary cell walls (Mori and Bellani, 1996; Ruzin, 1999; Hoch et al., 2005; Anderson et al., 2010; Mitra and Loque, 2014; Soukup, 2014) . The ability to specifically stain plant cell walls has thus been crucial for anatomical and developmental studies of plants. Stable plant transformation technologies allowed the extension of classical identification of cell types -based on cell wall composition and cell morphology -to any type of cell-specific gene expression, first using beta-glucuronidase (GUS)-based assays and later fluorescent protein expression (Jefferson et al., 1986 (Jefferson et al., , 1987 Berg and Beachy, 2008; DeBlasio et al., 2010) . Although especially powerful for assessing cellular identity and fate in embryonic and meristematic cells, both methods have limitations (GUS assays are restricted to one gene at a time and require optimisation in order to obtain near-cellular resolution). The combination of fluorescent proteins with confocal microscopy, on the other hand, has the potential to provide straightforward visualisation of the three-dimensional (3D) complexity of plant organs. However, the use of these proteins is limited by tissue autofluorescence, insufficient penetration depth and the need for additional staining or markers that would allow the fluorescent signal to be placed within the 3D tissue and organ context (Kurihara et al., 2013; Timmers, 2016) .
The complex 3D arrangements of plant cells in an organ can be conventionally observed using microtomy-based techniques (Periasamy, 1967; Ruzin, 1999; Timmers, 2016) . However, the laborious nature of thin sectioning, the problem of obtaining the desired section plane and the difficulty of obtaining complete series of sections has motivated researchers to try and enhance the capacity of fluorescent protein-based confocal microscopy to visualise whole mount samples in 3D. Instead of direct imaging of live specimens, fixing and clearing plant tissues using high-refractive-index mounting medium allows one to obtain high-resolution optical sections from deep within tissues. Century-old efforts to obtain 'cleared' tissues have recently seen a large number of innovations. Various techniques now produce samples with glass-like optical properties, maximising penetration depth and image quality by reducing light scattering and spherical aberration. Clearing agents such as xylene, clove oil, ethanol, lactic acid and chloral hydrate have been adopted and combined with compatible mounting solutions such as Hoyer's solution and glycerol (Peterson and Fletcher, 1973; Gardner, 1975; Pawley, 2006; Truernit et al., 2008; Chung et al., 2013; Richardson and Lichtman, 2015) . All these reagents allow high-resolution imaging of plant tissues. However, many of these procedures are time-consuming and affect tissue integrity, the stain is often distributed throughout the cleared tissue and details deep in the sample are still obscured by overlying signal. Most importantly, the harsh clearing protocols inactivate fluorescent proteins. Recently developed protocols have finally solved these problems (Warner et al., 2014; Palmer et al., 2015; Hasegawa et al., 2016; Musielak et al., 2016; Timmers, 2016) . Among these, ClearSee (Kurihara et al., 2015) shows great performance and represents a rapid, simple-to-use clearing protocol. Here, we report the development of a toolbox extending ClearSee's capabilities that uses a number of classical cell wall dyes. We demonstrate that our staining technique is broadly applicable to many plant organs and species and allows extensive combinations of genetically encoded fluorescent proteins with various classic, histological cell wall stains. We predict that the ability to fuse these previously largely incompatible types of anatomical analysis in a fast and simple protocol will foster great advances in our understanding of plant development and structure, especially outside the relatively easy-to-use model plant Arabidopsis.
RESULTS
A set of spectrally distinct, general plant cell wall stains Some classic cell-wall-specific dyes have augmented our currently available cell wall imaging toolbox because of their strong fluorescence and compatibility with live-cell imaging. Calcofluor White, a water-soluble dye, was shown to exhibit selective binding to cell walls and has since been widely used as a fluorescent dye to visualise cell walls in fungi, bacteria, algae and higher plants (Darken, 1961 (Darken, , 1962 Waaland and Waaland, 1975; Harrington and Hageage, 2003; Hoch et al., 2005; Rasconi et al., 2009; Zhou et al., 2009; Mitra and Loque, 2014; Herburger and Holzinger, 2016; Ribas and Cortes, 2016; Snow, 2016) . The staining specificity of Calcofluor White has not been resolved, although it clearly binds to cell walls composed of chitin, cellulose or other beta-1,4-linked carbohydrates (Maeda and Ishida, 1967; Albani and Plancke, 1999; Albani, 2001; Wysokowski et al., 2013; Mitra and Loque, 2014) . Calcofluor White has turned out to be a robust, cell-wall-specific dye and is compatible with the ClearSee protocol (Figure 1a ), yet its excitation and emission maxima require two-photon excitation or a 405-nm laser that not all confocal systems are equipped with. It is also incompatible for use with blue/cyan fluorescent proteins ( Figure S1 in the Supporting Information). In order to expand the fluorescence spectral range, we searched for substitute dyes for Calcofluor White. Among a number of dyes inspected, two dyes, reported as fungal cell wall dyes, Direct Yellow 96 (also known as Solophenyl Flavine 7GFE 500) and Direct Red 23 (also known as Pontamine Fast Scarlet 4B), were found to be interesting alternatives based on their solubility in ClearSee as well as their fluorescence signal intensity under a confocal microscope (Figures 1b, c) . We experimentally determined their absorption and emission spectra in ClearSee solution ( Figure S1 ). Both Direct Yellow 96 and Direct Red 23 required only a short staining time and can be excited with standard confocal laser line ( Figure S1 ) wavelengths, common to most scanning confocal microscopes, and their respective green and red emission allow them to be used with a much broader array of contrasting fluorophores than Calcofluor White (Hoch et al., 2005) . Both dyes can be used in a fashion similar to Calcofluor White for generic staining of primary cell walls. Direct Red 23 has the additional advantage of emitting light preferentially in the presence of cellulose and has been used to image the architecture and dynamics of cellulose in expanding Arabidopsis root cells, as well as in describing border cell maturation in Pisum sativum (Anderson et al., 2010; Wallace and Anderson, 2012; Liesche et al., 2013; Mravec et al., 2017) . Direct Yellow 96 exhibits a characteristic shift in its fluorescence emission maximum in the presence of xyloglucan, but not cellulose, and could potentially serve as an orthogonal fluorescent label for xyloglucan because its excitation and emission maxima do not overlap with those of Direct Red 23 (Anderson et al., 2010; Wallace and Anderson, 2012) .
We then tested the respective compatibilities of these dyes with fluorescent reporter lines (Figure 2) . In order to demonstrate the usefulness of Direct Red 23, we combined it with a phloem-specific CVP2::NLS-Venus marker line and visualised this combination in the root of a wild-type and brx (brevis radix) (Figure 2a ). The brx mutant is characterised by 'gap cells', disruptions in the continuity of the protophloem sieve element strands (Rodriguez-Villalon et al., 2014 Kang et al., 2017) . Using the celluloseabundant Direct Red 23 dye, we demonstrated that these gaps can now be easily visualised in conjunction with phloem differentiation markers such as CVP2 (Figure 2a ). In addition, we have also stained the roots of a wild-type and brx mutant with Direct Yellow 96 (Figure 2e ). We showed that both these dyes can serve not only as cell outliners but also to establish strict correlations between phloem-specific marker expression and cell wall thickening. The thickened cell walls and sieve plates after clearing and staining became pronounced and could be used to colocalise with fluorescent tagged proteins. Thus, these dyes can serve to identify mutants with defects in cell wall thickening and phloem sieve plate continuity in general. They also could help to identify regulators of cell wall thickening in phloem sieve elements, a process that is currently not well understood.
Due to the difference in their absorption and emission spectra, we were able to combine Direct Red 23 with a plastid marker, Pt-CFP (Figure 2b ), a peroxisome marker, Px-CFP ( Figure S2e ), CASP1::CASP1-GFP (Figure 2c ) and PIN2::PIN2-GFP (Figure 2d ). We demonstrated that Direct Red 23 could be used to determine accurately the polarity of auxin efflux carrier PIN proteins (Figure 2d ). The fast staining and compatibility with various fluorescent proteins (Table 1) can turn Direct Red 23 into a powerful tool in research studying the polarity of various membrane proteins. We also showed that Direct Red 23 staining is compatible with the line carrying the auxin reporter DR5::NLS3xVenus ( Figure S2c ) and protophloem sieve elements marking CalS7::H2B-YFP ( Figure S2d ). We observed that Direct Yellow 96 is compatible with endodermis-specific GPAT5::NLS-tagRFP ( Figure S2f ) and CASP1::CASP1-mCherry lines (Figure 2f , Table 1 ). We also demonstrated the compatibility of Calcofluor White staining with various fluorescent reporter lines, such as DR5::NLS-3xVenus, an auxin reporter ( Figure S2a ), and the APL::GFPer line, marking the protophloem sieve element cells ( Figure S2b ). Beyond demonstrating their spectral compatibilities, these data showed that the use of dyes with ClearSee maintains a number of subcellular structures, as seen by correct localisation of fluorescent proteins targeted to nuclei but also to endoplasmic reticulum, plastids, peroxisomes and plasma membrane domains. To obtain more ClearSeecompatible cell-wall-specific dyes, we have tested also Congo Red, previously reported as a polysaccharide-specific stain (Wood et al., 1983; Edlund et al., 2004; Tobimatsu et al., 2013) . However, after staining we could not obtain any cell-wall-specific signal.
Spectrally distinct lignin-specific stains allow covisualisation with fluorescent proteins
After cessation of elongation, cellulosic primary and secondary cell walls can become further modified by an array of different polymers (Somerville et al., 2004) . Among them, lignin is a very important complex phenolic heteropolymer. Abundant in secondary cell walls, it can also exclusively impregnate primary cell wall, when forming Casparian strips for example. Beyond its major role in vascular tissue and wood formation, lignin modifications are widespread and often occur in specialised cell types in vegetative and reproductive tissues where their localised deposition confers important functions (Barros et al., 2015) . Lignification can also be induced upon various biotic and abiotic stresses and represents a major barrier for the utilisation of plant biomass in bioenergy production (Tenhaken, 2014; Guerriero et al., 2016; Gall et al., 2017) . Despite this, our understanding of the spatiotemporal details of lignin deposition in actively lignifying tissues and the relationship between wall lignification, developmental specification and differentiation is very limited. This is largely because of our current inability to co-visualise lignin with genetically encoded fluorescent markers. Lignin autofluorescence can be used to reveal its presence in plant tissues (Albinsson et al., 1999; De Micco and Aronne, 2007; Donaldson and Radotic, 2013) , but the signal can sometimes be confounded by the presence of other autofluorescent compounds in the plant. Therefore, a number of dyes for lignin have been developed, among them M€ aule (Meshitsuka and Nakano, 1979) , chlorine-sulphite (Akin and Burdick, 1981) , Basic Fuchsin (Dharmawardhana et al., 1992) , Auramine O (Pesquet et al., 2005) and Phloroglucinol (Vallet et al., 1996; Liljegren, 2010; Liebsch et al., 2014) . One of the commonly used fluorescent dyes for lignin, Basic Fuchsin, robustly enabled fluorescencebased imaging of lignin in Arabidopsis xylem (Yokoyama et al., 2007; Carlsbecker et al., 2010; Bishopp et al., 2011; Ursache et al., 2014; Taylor-Teeples et al., 2015) , Casparian strips (Vermeer et al., 2014; Doblas et al., 2017; Kalmbach et al., 2017) and lignin deposition in Brachypodium distachyon (Kapp et al., 2015) .
Here, we demonstrate that Basic Fuchsin is soluble in ClearSee and maintains its spectral characteristics with its emission maximum in the orange-to-red spectrum (Figures 1d and S1) . We found that, after clearing and staining of Arabidopsis roots, Basic Fuchsin strongly stained the secondary and lignified cell walls of proto-and metaxylem, as reported previously (Carlsbecker et al., 2010; Ursache et al., 2014) . We observed that after sequential staining of Arabidopsis roots with Basic Fuchsin and Calcofluor White, the early differentiating protoxylem showed a strong Basic Fuchsin signal, indicating lignification of its spiral cell wall thickenings. At the same time, the pitted secondary cell walls of the metaxylem strongly stained with Calcofluor White but not with Basic Fuchsin (Figure 3a) , clearly visualising a step-wise progression of initially cellulosic wall formation that is then followed by impregnation with lignin. This suggests that such a combination could be ideal for investigating the developmental progression of proto-and meta-xylem tissues (Figure 3a) . In another example, we sequentially stained Arabidopsis cotyledons with Basic Fuchsin and Calcofluor White to demonstrate the potential application of our toolbox in studying thicker and more complex plant tissues. The combination of Basic Fuchsin and Calcofluor White allowed us to follow the branching and lignification pattern of xylem tissue in the Arabidopsis cotyledon ( Figure 3b ).
Most importantly, our work demonstrates that Basic Fuchsin is also compatible with fluorescent protein visualisation (Figures 3c-h, Table 1 ), allowing one to co-visualise a genetically encoded marker with lignin deposition at subcellular resolution. Figure 3 (c) shows Basic Fuchsin being used in combination with Calcofluor White as well as DIIVenus, an auxin response sensor, allowing for straightforward visualisation of the exact tissue types in which auxin response occurs and placing it in relation to the vasculature. As an example of co-visualisation of genetic markers at subcellular resolution, we previously used Basic Fuchsin to observe Casparian strips, the lignin-based cell wall impregnations of the endodermis (Vermeer et al., 2014; Doblas et al., 2017; Kalmbach et al., 2017) .
We sequentially stained a CASP1::CASP1-GFP line, with ClearSee-based Basic Fuchsin and Calcofluor White (Figures 3d,e) . We observed that all three signals can be easily separated, allowing visualisation of the behaviour of the transmembrane protein-scaffold CASP1 together with lignin and cellulose in one single cell. This combination has been successfully applied in recent studies to show how the root diffusion barrier is controlled by a vasculaturederived peptide and demonstrating the transient cell-specific activity of EXO70A1 in the CASP domain and Casparian strip localisation (Doblas et al., 2017; Kalmbach et al., 2017) . Moreover, as the root tissues are well preserved after clearing, we acquired high-quality 3D reconstruction images showing CASP1-GFP signal together with lignin and cellulosic cell walls (Figure 3e ). We further showed that Basic Fuchsin can be combined with GFP-tagged reporter lines and visualised in tissues requiring more complex deep imaging, such as Arabidopsis cotyledons. In our example, cotyledons expressing free GFP under the control of the promoter of a sucrose transporter protein (SUC2, with GFP accumulating in phloem sieve elements) were cleared and additionally stained with Basic Fuchsin. The 3D reconstruction images show the expression of SUC2 in relation to the organisation of xylem strands in the cleared Arabidopsis cotyledons (Figures 3f-h) . The ability to co-visualise phloem and xylem with functional markers could be extremely useful for describing the ontogenesis and differentiation of vascular bundles in many organ types. Another classical dye, Auramine O, has been used to detect lignin in secondary cell walls of differentiating Zinnia tracheary element cell cultures (Pesquet et al., 2005) , as well as lignified sporopollenin, the chemically resistant polymer that comprises exine (Nishikawa et al., 2005) . In contrast to Basic Fuchsin, Auramine O has a strong affinity for regions containing acidic and unsaturated waxes as well as cutin precursors, and has a moderate affinity for other lipidic cytoplasmic contents (Considine and Knox, 1979) . We found that Auramine O is also fully soluble in ClearSee but has a green-spectrum emission, distinct from Basic Fuchsin (Figures 1e and S1 , Table 1), making this dye compatible with the popular mCherry fluorophore, for example, as shown by our co-visualisation with a CASP1:: CASP1-mCherry line (Figure 4a ), as well as in co-visualisation in a UBQ10::H2B-mCherry line together with Calcofluor
(f) White (Figure 4b) . In xylem, we demonstrated that the combination of Auramine O and Direct Red 23 can be used to study secondary cell wall thickening and lignin deposition in proto-and metaxylem cell files (Figure 4c ). We also used this combination to visualise the ectopic formation of protoxylem in the high-order mutant of HD-ZIPIII transcription factors, cna phb phv rev (Carlsbecker et al., 2010) (Figure 4e) . Importantly, Auramine O also showed broader staining in the upper part of the root, suggesting that it also has the ability to bind to suberin or suberin-like compounds ( Figure 4d ). As Auramine O has been reported to stain exine-like molecules and cutin (Edlund et al., 2004; Nishikawa et al., 2005; Tilney et al., 2014; Yadav et al., 2014; Gimenez et al., 2015; Li et al., 2016) , our observation supports the idea that Arabidopsis cutin and suberin are very similar in structure and that Auramine O could indiscriminately bind both compounds. Besides Basic Fuchsin and Auramine O, we tested Safranine O as a potential lignin stain (Sibout et al., 2005; Ramirez et al., 2011) . We were able to see the signal in both xylem and Casparian strips, as well as some weak labelling of suberin in the mature part of the root. However, the signal was much weaker than that of Basic Fuchsin, and due to their similarity in the absorption and emission spectra we considered Basic Fuchsin to be a more reliable stain for lignin.
Nile Red staining of suberin and lipids
In order to obtain a dye that would specifically visualise suberin, we tested Fluorol Yellow, a sensitive dye for suberin; its specificity, however, relies on counterstaining with Aniline Blue (Naseer et al., 2012; Pfister et al., 2014; Barberon et al., 2016 ). Yet, despite repeated attempts, we were unable to establish a ClearSee-compatible procedure with this dye. By contrast, we showed that Nile Red, a dye which has been suggested to stain suberin (Waduwara et al., 2008) , is compatible with ClearSee and exhibited a red-spectrum emission (Figures 1f and S1 ). Overnight staining of Arabidopsis roots gave a very strong fluorescent signal, specifically in the endodermis (Figure 4f ). Nile Red was found to be compatible with Calcofluor White and co-visualised with green/yellow fluorophores, as shown in an example with a GPAT5::NLS-Venus marker line
(f) (g) ( Figure 4f , Table 1 ). GPAT5 promoter lines have been repeatedly used as markers of suberising cells (Beisson et al., 2007; Naseer et al., 2012; Barberon et al., 2016) and perfectly coincided with the Nile Red signal in older root parts (Figure 4f ). To obtain evidence that Nile Red indeed reports suberin accumulation, we sequentially stained with Nile Red and Calcofluor White the roots of wild-type plants and a line expressing CUTICLE DESTRUCTION FACTOR 1 (CDEF1), a plant-encoded cutinase, under an endodermisspecific promoter (Naseer et al., 2012) . No Nile Red signal was observed in the pCASP1::CDEF1 transgenic line, suggesting that Nile Red labels a functional suberin (Figure 4g) . Besides Fluorol Yellow and Nile Red, we also tested the ClearSee compatibility of Berberine-Aniline Blue for staining suberin in plant tissue (Brundrett et al., 1988; Fleck et al., 2011; Krishnamurthy et al., 2011; Meyer and Peterson, 2011; Vaculik et al., 2012; Zelko et al., 2012; Kirschner et al., 2017) . However, we did not detect any specific signal in Arabidopsis roots.
An easy method for cutting and fluorescent staining of thick roots, hypocotyls and stems
We observed that the fixation and consequent clearing in ClearSee can be a fast and effective method for imaging hand sections of various thick plant tissues, such as Arabidopsis and soybean (Glycine max) hypocotyls, stems and roots. Sectioning was done with normal razor blades, resulting in sections of differing thicknesses. Yet, due to the highly efficient clearing of the sections, we could achieve high-quality images with various ClearSee-compa- (Figure 5f ), and Basic Fuchsin and Calcofluor White (Figures S3a-b) can be used to visualise deposition of lignin and other cell wall components at high resolution. Moreover, hand sections allowed us to image the soybean hypocotyl pith cells at a high resolution ( Figure S3g ).
Moreover, we tested our protocol on thick Arabidopsis tissues (Figures 5g-m and S3e-g). Arabidopsis roots were taken directly from soil, washed with tap water to remove the soil, cut with a razor blade, cleared and stained sequentially with Basic Fuchsin and Calcofluor White (Figures 5g, h ). Arabidopsis stem hand sections were efficiently cleared and were compatible with Basic Fuchsin and Calcofluor White (Figures 5i, j) . Previously reported protocols for hand sectioning of plant material are not suitable for visualisation with fluorescent proteins due to the invasive and extensive clearing procedure. Therefore, we tested if the fluorescent proteins were still preserved in the hand sections of Arabidopsis stems and roots after clearing and staining with our modified ClearSee-based protocol (Figures 5k-m) . We found that UBQ10::H2B-mCherry signal was well preserved and could be co-visualised together with Calcofluor White in stem hand sections (Figures 5k and S3e). We were also able to observe the expression of an APL::erVenus line in combination with Basic Fuchsin and Calcofluor White (Figure 5l ), allowing the observation of tracheary element lignification and fluorescent reporter lines labelling phloem in the vascular bundles of Arabidopsis stems. This was also the case for the UBQ10::H2B-mCherry in Arabidopsis root hand sections in combination with Auramine O and Calcofluor White (Figures 5m and  S3f) .
To determine the depth of cleared and stained z-stack achieved in the hand sections, we cut, cleared and stained with Calcofluor White the roots of the common eelgrass (Zostera marina). We observed that the depth of the stained hand sections was around 140 lm ( Figure S4 ).
Examples of the application of ClearSee-based dyes in visualising various tissues in Arabidopsis and Selaginella
In order to demonstrate the potentially broad applicability of ClearSee-based dyes, we have stained various tissues of Arabidopsis, as well as the lycophyte Selaginella kraussiana ( Figure 6 ). We provide examples of Arabidopsis leaves surface stained with Calcofluor White and Auramine O, which highlights the thickened inner wall of the guard cells (Figures 6a,b) as well as secondary thickening of trichomes (Figure 6c ). The complex organisation of tracheary elements in Arabidopsis leaves became clear and we were able to visualise them using ClearSee-based Auramine O staining (Figure 6d ). We also used Auramine O in combination with Calcofluor White to visualise the localised cell wall thickenings in the seed coat of Arabidopsis (Figure 6e) . The protocol described here can be applied for various plant species. We have already demonstrated that the protocol is suitable for the acquisition of high-quality images of soybean hand sections stained with different combinations of ClearSee-compatible dyes (Figure 5a-f) . Beyond that, we were also able to apply this protocol to microphylls in Selaginella, where we observed the organisation of tracheary elements with Basic Fuchsin together with Calcofluor White (Figures 6f-i) . Not only were roots and leaves efficiently cleared and stained with the dyes presented here, but also other tissues such as anthers, stigmata or siliques (Figures 6j-t and S3h-j).
DISCUSSION
There have always been drawbacks and limitations to histochemical staining methods, and even with the advent of confocal microscopy cumbersome embedding and cutting techniques remained a requirement due to the lack of good clearing techniques that would allow for optical sectioning of deep tissues. Importantly, histochemical dyes remained largely incompatible with the increasingly important use of genetically encoded fluorescent proteins. The development of ClearSee and other high-efficiency clearing techniques therefore represented a major breakthrough. Here we extend the usefulness of ClearSee by demonstrating that it can be used with a large number of classical histochemical dyes, thereby providing an entire toolbox of classic histological stains. Most of the investigated dyes turned out to be fully soluble in ClearSee and -after optimisation of staining and washing procedures -we have achieved high-quality imaging of primary and secondary wall components such as cellulose, lignin and suberin, together with various fluorescent markers. Due to different excitation and emission wavelength ranges, many of the dyes are compatible with each other and can be co-visualised with various fluorescent proteins. The efficiency of clearing and preservation of single-or double-stained tissues allowed us to make the high-resolution z-stacks needed to build high-quality 3D models. Thick samples, such as old roots, hypocotyls and stems, require a long clearing procedure and are often difficult to visualise due to autofluorescence and tissue complexity. To improve this we have developed a fast and low-cost method in which hand sections of various thicknesses can be efficiently cleared and visualised after staining and in combination with various fluorescent proteins. This rapid method provides good-quality images and significantly diminishes the recurrent problem of cell wall autofluorescence. Such methods could become a much needed tool for studying various plant species grown on soil in greenhouses or in nature. The sectioning allows efficient fixation and preservation of the fluorescent proteins, which in combination with various dyes can help the study the organisation and development of secondary plant tissues.
Thus, our protocols are examples of the application of classic, highly fluorescent stains in combination with the newest clearing techniques, compatible with various fluorescent proteins. The toolbox we present here, together with a large number of classic histological stains that might still be discovered to be compatible with ClearSee clearing protocol, will certainly create many opportunities for modern histology, microscopy and computerised imaging. It can be employed to simplify the existing long and harsh classical clearing and staining procedures and will greatly contribute to a better understanding of many processes in plant biology.
EXPERIMENTAL PROCEDURES

Plant material
All Arabidopsis lines used in this study have been previously described: DR5::NLS-3xVenus (Heisler et al., 2005) , DII-Venus (Brunoud et al., 2012) , CASP::CASP1-GFP, CASP1::CASP1-mCherry, (Roppolo et al., 2011) , GPAT5::NLS-Venus, GPAT5::NLStagRFP (Naseer et al., 2012) , UBQ10::H2B-mCherry (MarquesBueno et al., 2016) , CalS7::H2B-YFP (Furuta et al., 2014) , SUC2:: GFP (Imlau et al., 1999) , PIN2::PIN2-GFP (Benkova et al., 2003) , APL::erVenus , CASP1::CDEF1 (Naseer et al., 2012) , brx and wild-type plants with CVP2::NLS-Venus (RodriguezVillalon et al., 2014), Pt-CFP, Px-CFP (Nelson et al., 2007) , and cna phb phv rev (Carlsbecker et al., 2010) . In all experiments with Arabidopsis, seeds were sterilised with 70% ethanol supplied with 0.05% Tween, stratified for 2 days at 4°C in the dark, then germinated vertically at 22°C under 16-h light/8-h dark on agar plates containing half-strength Murashige and Skoog (MS) medium.
Chemicals
The following chemicals were used to develop the protocol: PFA (paraformaldehyde) (CAS no. 30525-89-4, Merck, http://www.merc k.com/), xylitol (CAS no. 87-99-0, Sigma, http://www.sigmaaldric h.com/), sodium deoxycholate Sigma), Sigma) , Calcofluor White M2R (fluorescent brightener 28) (cat no. 4359, Polysciences, http://www.polyscience s.com/), Direct Yellow 96 (solophenyl flavine 7GFE 500, product no. S472409-1G, CAS no. 61725-08-4, Sigma), Direct Red 23 (Pontamine Fast Scarlet 4B, CAS no. 3441-14-3, Sigma), Basic Fuchsin (CAS no. 58969-01-0, Sigma), Nile Red (Sigma, CAS-No: 7385-67-3) and Auramine O (CAS no. 2465-27-2, Sigma) . Optimal results were achieved using the chemicals purchased from the abovementioned suppliers.
Preparation of 4% PFA and the fixation procedure Four grams of PFA powder was added to 100 ml 1 9 PBS (phosphate-buffered saline) solution to produce a final concentration of 4%. The mix was then transferred to the stirrer and heated while stirring to approximately 65°C, avoiding boiling. The pH was slowly raised by adding NaOH or KOH dropwise until the solution became clear. Once the PFA was dissolved, the pH was adjusted to 6.9 by adding small amounts of hydrochloric acid. The solution was then aliquotted, kept at +4°C for 1 week or frozen for 2 weeks. Fresh 4% PFA preparation is recommended for the best results. Five-to six-day old Arabidopsis seedlings were fixed with 4% PFA for 60-120 min at 23-25°C temperature without vacuum treatment. For older material, such as old Arabidopsis roots, leaves, stem and root hand sections, flowers, seed coat, vacuum treatment for at least 1-2 h is required. After fixation, the seedlings were washed twice for 1 min in 1 9 PBS and moved to the clearing solution.
Clearing procedure
The detailed clearing and staining procedure is described in Methods S1. After rinsing in 1 9 PBS, the plant material was transferred to the ClearSee solution and cleared at room temperature. For young roots (4-5 days old) overnight/1 day clearing is sufficient. For clearing the seed coat, hypocotyls and cotyledons, at least 1-2 weeks of clearing are required. For the stem and root hand sections 5-7 days of clearing are sufficient. Regular changing of ClearSee solution (every 2 days) will significantly improve the quality of clearing.
Staining procedure
For Basic Fuchsin staining 0.2% Basic Fuchsin was prepared directly in ClearSee and the seedlings were stained overnight. The next day, Basic Fuchsin solution was removed and the seedlings were washed for 60 min in ClearSee with gentle shaking. The solution was exchanged at least three or four times during the washing. Longer washing does not diminish the signal from staining and helps to further remove the remaining background noise. For longer storage of stained samples, the plates should be covered to avoid exposure to light. To image Basic Fuchsin we used 561-nm excitation and detected it at 600-650 nm.
For Calcofluor White staining, 0.1% Calcofluor White in ClearSee solution was prepared and the seedlings were stained for 30 min. Next, the seedlings were washed in ClearSee for 30 min with gentle shaking. To image Calcofluor White we used 405-nm excitation and detected it at 425-475 nm.
For Nile Red staining 0.05% Nile Red in ClearSee solution was prepared and the seedlings were stained overnight. Next, the seedlings were washed for 30 min with gentle shaking. The solution was exchanged at least three or four times during washing. Nile Red was imaged with 561-nm excitation and detected at 600-650 nm. On slides the specimens stained with Nile Red have to be visualised within 30 min of mounting to avoid leakage of the stain into other tissues.
For Auramine O staining 0.1% Auramine O in ClearSee solution was prepared and the seedlings were stained overnight. Then the seedlings were washed for at least 1 h with gentle shaking. The solution has to be exchanged at least three or four times during the washing. Auramine O was imaged with 488-nm excitation and detected at 505-530 nm.
For Direct Red 23 staining 0.1% Fast Red 96 in ClearSee solution was prepared and the seedlings were stained for 30 min and washed in ClearSee for 2 h with gentle shaking. Direct Red 23 was imaged with 561-nm excitation and detected at 580-615 nm.
For Direct Yellow 96 staining 0.1% Direct Yellow in ClearSee solution was prepared and the seedlings were stained for 30 min and washed for 1 h with gentle shaking. Direct Yellow 96 was visualised with 488-nm excitation and 519-nm emission.
Sequential staining procedure
For double staining of Arabidopsis roots with ClearSee-compatible Basic Fuchsin and Calcofluor, the following steps were performed: (i) the seedlings were stained with 0.2% Basic Fuchsin (in ClearSee) solution overnight; (ii) the seedlings were rinsed in ClearSee and washed for at least 1 h in ClearSee, with the washing solution being exchanged at least three or four times; (iii) the seedlings were transferred to 0.1% Calcofluor White (in ClearSee) solution and stained for 30 min; (iv) the seedlings were washed in ClearSee for 30 min with gentle shaking.
For double staining of Arabidopsis roots with Nile Red and Calcofluor White, the following steps were performed: (i) the seedlings were stained with 0.1% Nile Red (in ClearSee) solution overnight; (2) the seedlings were washed in ClearSee for 1 h by exchanging the solution at least three to four times; (iii) the seedlings were then transferred to 0.1% Calcofluor White (in ClearSee) solution and stained for 30 min; (iv) the seedlings were washed in ClearSee for at least for 30 min with gentle shaking.
For double staining of Arabidopsis roots with Auramine O and Fast Red 23, the following steps were performed: (i) the seedlings were stained with 0.1% Auramine O (in ClearSee) solution overnight; (ii) the seedlings were rinsed in ClearSee and washed for 1 h in ClearSee; (iii) the seedlings were transferred to 0.1% Fast Red 23 (in ClearSee) solution and stained for 30 min; (iv) the seedlings were washed in ClearSee at least for 30 min with gentle shaking.
Hand sectioning of thick plant tissues, their clearing, staining and compatibility with fluorescent proteins Arabidopsis stems, old roots, soybean hypocotyls and roots were cut using razor blades. The sections were of various thicknesses. The sections were cleared for 5-7 days in ClearSee and stained using the procedure described above. Cleared and stained hand sections were placed into a drop of ClearSee on the slide for confocal microscopy. Imaging chambers (Marhavy and Benkova, 2015) or GeneFrame (Thermo Fisher Scientific, https://www.ther mofisher.com/) could be used for thick sections in order to avoid squeezing the samples. Alternatively, the space between the cover slide and the specimen can be increased by flanking the specimen with a layer of paraffin or any other material with a thickness similar to that of the specimen. The above-described conditions were applied for imaging the stained sections together with different fluorescent proteins.
Confocal microscopy
Seedlings were analysed with Leica SP8 and Zeiss 880 inverted confocal microscopes. Figures were arranged in Adobe Illustrator (Adobe Systems Inc., http://www.adobe.com/) and the brightness was increased equally, without further modifications. The 3D reconstruction was done using Imaris (BITPLANE, http://www.bit plane.com/), Leica LAS and Zeiss Zen software. Spectral analysis of ClearSee-based dyes was done using the Leica SP8 microscope.
Determination of absorption and emission spectra
An absorption spectrum of each dye used in this study, ranging from 220 to 750 nm, was determined using the 'UV/VIS absorbance' module of the NanoDrop â ND-1000 Spectrophotometer. Emission spectra were determined using the 'lambda scan' mode on a Leica TCS SP8 confocal microscope. All spectra represent the properties of the dye used in ClearSee solution.
SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of this article. Figure S1 . Spectral analysis of the ClearSee-based dyes used in this study. Figure S2 . ClearSee-based cell wall dyes Calcofluor White, Direct Red 23 and Direct Yellow 96. Figure S3 . ClearSee-based dyes and some of their applications. Figure S4 . The depth of the cleared hand section of the root of the common eelgrass (Zostera marina) stained with Calcofluor White. Methods S1. Protocol for combined observation of fluorescent proteins with classical histological stains.
